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Abbs 1991 ; Edin 1992; 2004; Grill and Hallett 1995; Hulliger et al. 1979 ) and the knee (Edin 2001) , skin receptors have been shown to fire reliably in relation to the position and movement of nearby joints (Aimonetti et al. 2007 ). Psychophysical analyses of healthy human subjects have shown that motion detection and sensations of direction and total joint displacement occur when skin receptors are stimulated electrically or by skin stretch (Collins and Prochazka 1996; Collins et al. 2000; Collins et al. 2005; Edin and Johansson 1995) . When skin stretch was combined with muscle vibration, the latter being a stimulus for muscle spindle Ia afferents and skin receptors in the vicinity of the vibrator, the psychophysical effects of the input from cutaneous and muscle afferents appeared to add to each other, albeit not proportionally (Collins et al. 2000; Collins et al. 2005) . Parallel investigations have also implicated articular afferents as contributing information about position and movement in the hand, again in an additive manner with skin and muscle afferents (Ferrell et al. 1987; Ferrell and Craske 1992; Gandevia and McCloskey 1976) . The additive nature of each of these signals, proportionally or not, suggests that each type of afferent responds redundantly to the same motion parameter(s), the sum of which determines the magnitude of sensation. However, it remains unclear how each afferent submodality differentially contributes to the quality of sensation.
Although these previous studies provide convincing evidence of nonmuscular afferent contributions to position and movement sense, the quality of these various contributions remains unclear. In many previous studies, psychophysical assessment was made with the limb held stationary (e.g., Collins and Prochazka 1996; Collins et al. 2000; Collins et al. 2005; Edin and Johansson 1995) and with artificial sensory stimulation of only one or two types of afferents without stimulation of the remaining proprioceptive submodalities normally activated by movement. Moreover, these studies quantified only a limited component of movement sense, including simple motion detection, direction, and the final extent of motion (e.g., Gandevia and McCloskey 1976) . These studies did not quantify movement sense during movement because they measured the sense of displacement at the end of a movement (i.e., at zero velocity), or they evaluated movement illusions in the absence of real movement.
Movement sense is actually more complex and multiparametric than many previous studies imply. Movement sense, as a whole, consists of the senses of motion, direction, dynamic (instantaneous) position, and velocity, each of these parameters being represented by one or more types of sensory receptors. One cannot assume that stimulation of any particular type of afferent influences the senses of all movement parameters quantitatively or qualitatively in the same way because it is not presently understood how each submodality contributes to an integrated sense of movement. Moreover, to assess the specific contributions of different proprioceptive afferents to the senses of dynamic position and velocity, neither of which has been investigated in these previous studies, dynamic position and velocity need to be quantified during an actual (i.e., not illusory) movement.
The study reported here investigated how skin input and muscle input contribute to movement sense of the hand, focusing on the senses of dynamic position and velocity during movement. The experiment was designed to investigate whether the movement information contributed by skin and muscle receptors is parametrically redundant or distinct. Healthy human subjects performed a movement task requiring them to indicate with one hand when the unseen fingers of the other hand were rotated through a target (see also Cordo 1990; Cordo et al. 1994; Bevan et al. 1994; Cordo et al. 1995) . The overall bias and variability of positional errors were used to quantify dynamic position sense, and the dependence of bias errors on movement velocity was used as an indicator of velocity sense .
Four experimental conditions were used: 1) no intervention, 2) skin input suppressed, 3) muscle input suppressed, and 4) both skin and muscle input suppressed. Skin input was suppressed by regional anesthesia of the entire hand and distal forearm, and muscle input was suppressed by passively extending the wrist joint during metacarpophalangeal (MCP) flexion, to minimize stretch of the extensor digitorum by MCP flexion. Because the task was performed near the neutral positions of the MCP joints, joint afferents were assumed not to contribute significantly to movement sense in this task (Burgess and Clark 1969; Burke et al. 1988; Ferrell 1980; Skoglund 1956 ).
METHODS
Subjects. Seventeen healthy adult human subjects (ages 20 -57 yr) were recruited to participate in this study after providing written informed consent according to procedures approved by the Oregon Health and Science University Institutional Review Board. Nine of the 17 participated in the main experiment reported here. Subjects qualified for the study if they had no history of neuromuscular or somatosensory deficits or allergic reactions to local anesthetics. The subjects received monetary compensation for their participation.
Experimental apparatus. Each subject was seated at a table, with the right forearm resting in a limb-motion device that passively flexed all four fingers of the right hand at the MCP joints and with the left forearm resting freely on an armrest. During MCP motion, a load cell measured the combined resistive torque of the four fingers (Fig. 1A) . The limb-motion device was also used to extend passively the subject's wrist. Two different motors actuated finger motion and wrist motion, each of which was controlled independently by microprocessors. In the occasional trial when the wrist was extended, this wrist movement usually coincided with finger flexion although the converse was not true; most trials with finger motion did not include wrist motion. The subject's right upper arm was abducted about 30 degrees at the shoulder, and the right elbow was flexed to an angle chosen by each participant on the basis of comfort (typically ϳ120 degrees). Two U-shaped padded cuffs supported and constrained the right forearm just proximal to the wrist and just distal to the elbow (2 pairs of gray ellipsoids in Fig. 1A ). The right hand was inserted into a fixture so that the device held the hand in a thumb-up position. The right thumb, held in an extended posture, rested on a stationary, curved platform (pair of black ellipsoids) that did not move with the fingers; this thumb platform held the thumb out of the way of the finger motion. The axes of rotation for MCP and wrist motion were adjusted to correspond to those of the subject's actual finger MCP and wrist joints (red and green circles and Xs). A metal plate and a rigid pad (pair of red ellipsoids) held the interphalangeal joints of the four fingers at 13 degrees, 0 degrees representing the fingers extending in a straight line from the dorsum of the hand. Once the arm was resting in the device, imposed hand movements were limited to flexion and Fig. 1 . Experimental setup. A: top-down view with the subject sitting at the limb-motion device. Two motors apply movement independently to the hand, one at the wrist (green) and the other at the fingers (red). Two sphygmomometer cuffs are applied to the right forearm and a contact device to the left thumb and index finger. An opaque shield (vertical black bar) prevented the subject from seeing the right arm. A computer monitor provided visual feedback. B: graphical presentation of constant error (CE) at 3 points during a trial; red line denotes the MCP starting position, blue line denotes the target angle, and yellow line denotes the metacarpophalangeal (MCP) angle at which the subject indicated target arrival, in this example resulting in a small overshoot. The distance from the red line to the blue line is equivalent to 12 degrees of MCP flexion. extension at the wrist and/or flexion and extension at the four MCP joints of the fingers. Each motor controlled the velocity, direction, and angle of either finger or wrist motion. The thumb and index finger of the left hand were fit with a light-weight, low-voltage (5 V) contact device that signaled the loss of contact between the tips of these two digits.
Target-detection task. One second after a computer-generated tone, the device passively flexed all four fingers of the right hand at the MCP joints, beginning from 13 degrees and ending at 33 degrees, a total of 20-degree flexion. To ensure that the subjects detected this finger motion on the basis of the sensory input associated with the actual movement, rather than taking a cue from a preparatory tone, catch trials were incorporated pseudorandomly into the trial sequence (see below). The task required of the subject in this experiment was to indicate when the fingers of the right hand passed through a target angle located at 25 degrees, 12 degrees flexed relative to the starting position, by suddenly breaking contact between the left thumb and index finger. Earplugs allowed the subject to hear the preparatory tone but prevented the subject from picking up any sounds from the limbmotion device related to the speed of joint rotation. An opaque screen (vertical black bar in Fig. 1A ) blocked the subject's view of the arm to ensure that the subject used proprioceptive, but not visual, cues to detect target arrival. To quantify velocity sense and to minimize the subject's use of internally sensed time lapse to predict target arrival, the device rotated the fingers at one of seven velocities (8, 10, 12, 14, 16, 18 , and 20 degrees/s) in a pseudorandom order. The velocity range of 8 -20 degrees/s was used to provide a behaviorally realistic combination of movement times (0.6 -1.5 s) and distance (12 degrees) to the target, affording the subjects sufficient time and distance to use sensory information to perform the task.
A computer screen provided the subject with information about the size of any undershoot or overshoot, at the moment that the subject broke contact between the left thumb and index finger (see Fig. 1B ). Software scaled the horizontal extent of the computer screen to correspond to a 20-degree range of the MCP joint, with stationary vertical lines marking the starting (red) and target (blue) positions. A third, dynamically positioned line (yellow) appeared when the subject opened the left hand to feed back to the subject the angle of the MCP joints when the subject opened the left thumb and index finger. This feedback, at the end of each trial, kept the subject's perception of target angle location calibrated throughout the experiment, rather than allowing it to drift (e.g., Brown et al. 2003) . In the example illustrated in Fig. 1B , the target angle was overshot by 2 degrees. In some trials, the limb-motion device passively extended the wrist at the same time that it flexed the MCP joints to prevent MCP flexion from stretching the long finger extensor. In those trials involving wrist extension, feedback of undershoot and overshoot errors was not provided (i.e., the yellow line did not appear) to prevent errors in these wrist extension trials from influencing the subject's perception of the target location.
Selection and training of subjects. All subjects participated in a preliminary series of trials in which only the fingers were rotated, the purpose of which was to identify subjects who were clearly using velocity sense to perform the target-detection task employed in this experiment. This preliminary testing was necessary because previous studies revealed that subjects sometimes use time rather than, or in addition to, velocity sense to perform this task (e.g., Verschueren et al. 1998) . In one to three preliminary sessions conducted a few days before the actual experiment, each subject practiced the basic task. If, after three (or fewer) practice sessions, the slope of the relationship between MCP velocity and constant error was Ͻ0.25 s, the individual was included in the study. The rationale for this cut-off was that slopes Ͼ0.25 s indicate that the individual was using time estimation instead of, or in addition to, sensory feedback to perform the task (see Cordo et al. 1994 ), and we wished to determine the effects of our interventions on velocity (and dynamic position) sense. If included in this study, each subject performed, on the day of the experiment, five to ten training trials with MCP velocity set to 16 degrees/s. These training trials were carried out just before each of two runs of the protocol began. In the first run, the subject performed the target detection task with hand sensation intact, and, in the second, the subject performed the task with the hand anesthetized.
Suppression of muscle receptor input. To suppress muscle receptor input at each of the seven MCP flexion velocities, a procedure was performed with each subject to identify the corresponding seven wrist extension velocities that minimized extensor digitorum stretch by the MCP flexion. During this procedure, which was carried out just before each experiment, MCP torque was monitored and wrist extension velocity was systematically varied until resistance of the subject's MCP joints to passive finger flexion was minimized. We expected that each of these empirically determined pairs of MCP and wrist velocities would strongly attenuate the signal from finger extensor muscle spindles, despite the ongoing MCP flexion (see Nerve recording procedure, below). When, during an experiment, the limb-motion device extended the wrist at the same time as it flexed the MCP joints, the velocity of wrist rotation was set to that previously determined to minimize MCP stretch for that subject. The amplitude of wrist rotation was always 22 degrees. Thus each subject's set of wrist velocities was unique. In several subjects, we marked a pair of dots in ink on the skin 0.5 cm apart over the MCP and wrist joints (ventrally and dorsally). We then measured the effect of a 22-degree wrist extension on the skin overlying the ventral MCP joint, as well as the effect of 22-degree MCP flexion on the skin overlying the dorsal wrist. We found that no measurable skin stretch was transmitted from the wrist to the MCP joint or vice versa.
Suppression of skin receptor input. During the first run of the protocol in each experimental session, the subject's hand sensation was intact, but, in the second run, the subject's hand was anesthetized. To induce hand anesthesia, two sphygmomometer cuffs were applied to the right forearm, one 2-3 cm proximal to the wrist joint, and the other just proximal to the first (Fig. 1A) . The purpose of using two cuffs was to minimize ischemic pain during the experiment by, ultimately, inflating the more distal of the two around an anesthetized area of the forearm. Before inflating either cuff, a 22-gauge IV catheter was inserted under sterile conditions into a prominent vein on back of the subject's hand and flushed with saline to prevent clotting of the catheter. The clenched hand was then exsanguinated by a thin, 5-cm wide rubber strap wrapped tightly around it (ESMark Band). To extend the exsanguination to the middle of the forearm and to maintain it throughout the experiment, the more distal of the two pressure cuffs was inflated to 150 mmHg, followed by inflation of the proximal cuff to 250 mmHg; the rubber strap was removed from the hand, and the distal cuff was deflated. Finally, 20 ml 0.3% Ropivacaine was injected into the hand and distal forearm through the IV catheter, and then the catheter was removed. Ropivacaine, an amino amide local anesthetic, produces reversible but prolonged conduction block with a very low incidence of adverse or allergic reaction. Over time, the Ropivacaine infiltrated all regions of the hand and the distal part of the forearm, up to the more proximal of the two pressure cuffs, completely blocking all nerve conduction to and from the hand.
After the injection, the progression of hand anesthesia was monitored by mechanically probing the hand with Semmes-Weinstein monofilaments (TouchTest, North Coast Medical) and by spraying the skin of the hand with a coolant (Gebauer's Spray and Stretch). In response to probing and spraying, which the subjects could neither see or hear, they verbally reported if they detected the stimulus. A total of 13 monofilament-probing sites were mapped out on the dorsal and ventral surfaces of the hand that are innervated by the radial, medial, and ulnar nerves. Coolant spraying was less systematically applied, usually to areas just reported to be insensitive to probing. Anesthesia was deemed complete when the subject could no longer detect the coolant spray or probing from a 300-gauge monofilament at any site. The distal cuff was then inflated to 150 mmHg around the anesthetized part of the wrist, the proximal cuff was deflated, and the second run of the protocol began. The distal pressure cuff remained inflated for the duration of the protocol (ϳ30 min).
Experimental protocol. The target-detection protocol, consisting of 80 pseudorandomly ordered trials, was carried out twice on the day of the experiment, first with hand sensation intact, and second, with the hand anesthetized. In 49 trials, only the fingers were rotated, seven trials at each of the seven MCP velocities. In 21 trials, the wrist was passively extended as the fingers were flexed to minimize stretch of the finger extensor muscle (see Suppression of muscle receptor input, above). Three of these 21 trials were carried out at each MCP velocity, but all 21 were randomly intermixed with the other trials. The 10 remaining trials were catch trials, seven of which involved only wrist extension (1 at each of the 7 empirically determined wrist velocities), and three of which involved no movement at either joint. Before the first run of the protocol, the subjects were informed about the catch trials and instructed not to respond if the fingers did not rotate at the MCP joint.
During the first run of the protocol, with hand sensation intact, a single pressure cuff was applied just proximal to the wrist to control for any mechanical effects of the inflated pressure cuff when the hand was later anesthetized. The cuff was inflated to 150 mmHg for 10 trials (2-3 min), then deflated for 1 min, during which no trials were run, to reestablish perfusion in the hand. This procedure was repeated every 10 trials for a total of eight times during the protocol. The second run of the protocol was identical except the hand was anesthetized, and the distal pressure cuff remained inflated for the duration of the protocol.
Nerve-recording procedure. In a control procedure designed to verify that wrist extension attenuated muscle spindle input during MCP rotation, microneurographic recordings (Gandevia and Hales 1997) were performed on three of the nine subjects participating in the main experiment but on a separate day as the main experiment. As described above, each of these three subjects was assayed for a unique set of seven wrist-extension velocities that minimized finger resistance to seven corresponding velocities of MCP flexion. Once the optimal wrist velocities were determined, the experimenter inserted a tungsten microelectrode (UNA55FOM, FHC) percutaneously into the radial nerve to record from a single muscle spindle Ia axon. Muscle spindle Ia afferents were identified on the basis of stretch response to pressure applied to the tendon and the muscle belly, absence of a response to light skin stimulation over the same locations, poststretch silent period, and strong response to joint rotation and tendon vibration (see also Cordo et al. 2002; Edin and Vallbo 1990; Gandevia and Hales 1997) . On the basis of the dynamic responses of muscle afferents to joint rotation, the afferents were tentatively classified as Ia, but we cannot exclude the possibility that one or more was a group II afferent. When a suitable recording was obtained, the MCP joints were flexed at one of the seven velocities and the discharge from the afferent was recorded. The next trial involved the identical MCP flexion, but the wrist was also extended at its corresponding velocity. As shown in Fig. 2A for a representative extensor digitorum muscle spindle Ia afferent with a resting discharge of 5-10 pulses/s (pps) at the initial MCP position of 13 degrees, 8 degrees/s passive flexion at the MCP joint alone produced a typical stretch response from the afferent. However, when the wrist was simultaneously extended (Fig.  2B) , the identical MCP rotation generated much less torque resistance, and the afferent produced only a few action potentials. We recorded, thusly, from four muscle spindle afferents, all with similar responses.
Analysis of data. Data recorded during the main experiment included wrist angle, MCP angle, MCP torque, and the voltage from the indicator device attached to the subject's left thumb and index finger. These four signals were digitized at 500 samples/s. The nerve recording in the microneurography procedure was digitized at 20K samples/s.
The data for each subject were analyzed as follows. For each trial, the velocity of finger rotation was quantified as the slope of the linear regression of angular position vs. time over the time course of each movement, not including the initial acceleration or subsequent deceleration in the calculation. In addition, the constant error (CE) was calculated for each trial involving MCP rotation as the difference between the target angle and MCP angle at the moment the subject indicated the fingers passed through the target. For each subject, CE was averaged across all like-movement trials (i.e., MCP only or MCP plus wrist) at the same MCP velocity to allow us to calculate the average CE and the variable error (VE) at each velocity (see below). CE was also averaged over all like-movement trials, irrespective of the MCP velocity, to assess the accuracy of each subject's perception of the target location. The CE feedback provided at the end of each trial served to maintain a consistent perception of target location throughout the protocol. Associated with each average CE calculation at each MCP velocity was a corresponding VE calculation, which is the SD of the average CE. The seven VE values were averaged across velocities to obtain an overall average VE. Finally, the individual CE values for all like-movement trials were plotted against the MCP velocity, and a linear regression was calculated (see Fig. 4 ). The slope of the CE vs. MCP velocity relationship was independent of the overall average CE and VE. The slope of the relationship between CE and velocity estimated how well subjects compensated for the varying MCP velocity when performing the task, with zero slope representing full compensation. Thus the slope provides an indirect measurement of the subjects' velocity perception. Independent CE, VE, and slope measurements were obtained for trials with MCP rotation only and for trials with MCP plus wrist rotation.
To determine whether wrist extension or hand anesthesia influenced CE, VE, or the slope of CE vs. velocity, two paired t-tests were carried out on each of these three dependent variables. In one set of t-tests, the anesthesia condition was compared with the no-anesthesia condition, but this analysis was limited to trials with MCP flexion only. In the other set of t-tests, trials with simultaneous MCP flexion and wrist extension were compared with those with MCP flexion only, but this analysis was limited to trials with intact hand sensation. Subjects were often unaware of MCP motion when both interventions (i.e., wrist extension and hand anesthesia) were combined, so the data obtained during this combination of experimental conditions were incomplete and were not analyzed beyond calculating the percentage of no-response trials.
RESULTS

Effects of wrist extension and anesthesia on dynamic position and velocity sense.
Both interventions, hand anesthesia and wrist extension, influenced the subjects' accuracy with the target detection task, as illustrated by the representative data in Fig. 3 . Performance was accurate without intervention (Fig.  3A) , with the subject opening the left hand precisely as the MCP joints passed through the target angle (i.e., intersection of 2 dashed lines). When the hand was anesthetized (Fig. 3B) , the subject produced a 4-degree overshoot. When the wrist was extended (Fig. 3C) , MCP torque decreased to zero, and the subject overshot the target by 2 degrees. When the hand was anesthetized and the wrist was extended (Fig. 3D) , the subject did not respond, even though the fingers rotated through a 20-degree arc at 20 degrees/s.
Task performance was quantified by measures of error (average CE and VE) and by the dependence of CE on MCP velocity. Figure 4A illustrates the effect of wrist extension when hand sensation was intact. When the MCP joint was Fig. 3 . Hand anesthesia and/or wrist extension affected performance of the movement task. Representative single-trial data are shown from a representative subject. Interventional conditions were no intervention (A), hand anesthesia only (B), wrist extension only (C), and wrist extension and hand anesthesia (i.e., both interventions) (D). In B and C, the indicator movement (Contact) was delayed; in D, the subject was unaware of the MCP movement and so did not respond. Note the decrease in MCP torque resulting from wrist extension (shaded regions in C and D).
flexed without intervention (dashed line and open circles), task performance was accurate (average CE ϭ Ϫ0.06 degrees), precise (average VE ϭ 1.31 degrees), and independent of MCP velocity (slope of CE vs. MCP velocity ϭ Ϫ0.04 s).
In contrast, when the wrist was extended during MCP flexion (Fig. 4A , solid line and filled circles), the slope of CE vs. velocity increased to 0.53, but with negligible changes in average CE (ϩ0.29 degrees) and VE (Ϫ0.18 degrees). Thus this subject's ability to compensate for different MCP velocities diminished when muscle afferent input was suppressed by wrist extension, but his ability to distinguish dynamically the MCP angle was relatively unaffected. Figure 4B illustrates the effect of hand anesthesia on this subject's task performance. During hand anesthesia, when only the fingers moved (open circles and dashed line), this subject's average CE was 1.17 degrees, VE was 1.65 degrees, and the slope was 0.68 s. Thus, the subject's ability to compensate for finger velocity and to distinguish MCP angle dynamically were both compromised by hand anesthesia (i.e., compare open circles and dashed lines in Fig. 4A with those in Fig. 4B ). When the wrist was extended during MCP rotation in the anesthetized hand (i.e., with both interventions), this subject responded in only 7 of 21 trials, as he did not consistently detect the movement (filled circles in Fig. 4B ).
The combination of both interventions, wrist extension and hand anesthesia, left most subjects unable to detect MCP rotation in most trials, but the percent of no-response trials increased as the speed of MCP rotation decreased (Fig. 5) . When the MCP joint rotated at 20 degrees/s, the subjects failed to detect the movement 40% of the time, whereas when velocity was 8 degrees/s, the subjects failed to detect the movement 70% of the time. Therefore, the combination of wrist extension and hand anesthesia was sufficient, in many cases, to eliminate completely the sensation of motion. The lack of response in most trials with both interventions prevented the acquisition of sufficient data to analyze more fully this combination of experimental conditions. In contrast, the subjects never failed to detect MCP rotation with only one (or no) intervention.
Statistical analysis of all nine subjects' data confirmed that wrist extension and hand anesthesia affected task performance qualitatively differently (Fig. 6 and Table 1 ). A t-test (n ϭ 9) comparing CE with and without wrist extension showed that, with hand sensation intact, wrist extension had no effect on CE (P ϭ 0.83), as illustrated in Fig. 6 (Fig. 6 , left, solid and shaded bars). In contrast, a t-test comparing CE with and without hand anesthesia showed that, in the absence of wrist extension, hand anesthesia caused the subjects to overshoot the target more (P Ͻ 0.05) than when sensation was intact (Fig. 6, left , solid and open bars). Similarly, VE was unaffected by wrist extension (P ϭ 0.06; Fig. 6 , middle, solid and shaded bars), but VE increased when the hand was anesthetized (P Յ 0.001; Fig. 6 , middle, solid and open bars). Thus anesthesia diminished the perception of dynamic position, but wrist extension did not. In contrast, the slope of the relationship between CE and MCP Fig. 4 . Data from a single subject, exemplifying the different effects from the 2 interventions. A: in the unanesthetized hand, wrist extension increased the slope of the CE vs. MCP velocity relationship without affecting average CE or variable error (VE). Open and filled circles represent average CE. B: hand anesthesia increased the slope of the CE vs. MCP velocity relationship while also increasing the average CE or VE. OE, average CE; , single trial CE. Fig. 5 . Awareness of MCP motion depended on velocity when the 2 interventions were combined. Averaged data from the 9 enrolled subjects showed that, for 8 degree/s MCP rotations, subjects were unaware of the movement 70% of the time, whereas for 20 degrees/s, they were unaware of the movement 40% of the time. Fig. 6 . Summary results for all subjects. Wrist extension had no effect on CE, whereas hand anesthesia increased CE relative to the no-intervention condition (leftmost 3 bars). Wrist extension had no effect on VE, whereas hand anesthesia increased VE relative to the no-intervention condition (middle 3 bars). Both wrist extension and hand anesthesia interventions increased the slope of the CE vs. MCP velocity relationship relative to the no-intervention condition (rightmost 3 bars). Significance, *P Յ 0.05, **P Յ 0.001, ***P Ͻ 0.0001. velocity increased significantly with both wrist extension and hand anesthesia. With wrist extension, the slope increased from 0.16 to 0.45 s (P Յ 0.0001; Fig. 6 , right, solid and shaded bars), and when the hand was anesthetized, from 0.16 to 0.59 s (P Յ 0.0001; Fig. 6 , right, solid and open bars). Thus anesthesia and wrist extension both diminished the subject's ability to compensate for different MCP velocities.
Catch trials. Subjects' responses to catch trials demonstrated that they were detecting actual MCP movement, rather than responding to wrist rotation or to the tone 1 s before the onset of movement. Two types of catch trials were used in this study, one without any movement and one with wrist extension only. In the protocol run with intact hand sensation, subjects never responded in a catch trial. In the protocol run using the anesthetized hand, some subjects occasionally responded even though the MCP joint did not move (Table 2 ). For catch trials involving no movement of either the MCP joint or wrist (n ϭ 3), the subjects never responded. However, for catch trials involving wrist rotation only, the subjects responded, on average, in 1.2 out of 7 (17%) of these trials.
DISCUSSION
The principal findings of this study were that 1) both wrist extension and hand anesthesia interventions adversely affected the slope of the CE vs. MCP velocity relationship and 2) only the hand anesthesia intervention adversely affected the average CE and VE. These two findings suggest that, for the MCP joint near the neutral position, the sense of dynamic position (represented by CE and VE) can be derived principally from skin afferent input, whereas the sense of velocity (indirectly represented by slope) is derived from both muscle and skin afferent input. These results suggest that the proprioceptive information provided by skin and muscle spindle Ia afferents are not entirely redundant in a parametric sense and that each submodality contributes differently to movement sense of the hand (see also Gandevia 1996, p. 163) .
Sensory effects of MCP flexion and the two interventions. Passive flexion of the subjects' MCP joints by our limb-motion device likely evoked sensory responses from skin-pressure receptors in the fingertips, skin-stretch receptors on the dorsum of the hand, and muscle receptors in the long finger extensor. On the other hand, MCP flexion probably did not evoke a response from MCP joint afferents or muscle receptors in the intrinsic muscles of the hand, at least not sufficiently to influence task performance. Joint receptors are sensitive to motion primarily at the extremes of the joint space, and, even there, some articular afferents respond to both flexion and extension of the joint (Burke et al. 1988; Burgess and Clark 1969; Skoglund 1956 ). In the MCP flexion-extension plane, active contraction of the lumbrical and interossei muscles contributes to flexion torque (Buford et al. 2005; Revol and Servant 2008) , and stimulation of muscle afferents in the intrinsic muscles evokes a sensation of MCP extension (Gandevia 1985) , suggesting that intrinsic muscle receptors did not contribute to the perception of MCP flexion in this experiment.
Passive extension of the wrist was used to suppress muscle input from the long finger extensor, as demonstrated by microneurographic recordings (e.g., Fig. 2 ). Wrist extension likely also activated skin-stretch receptors on the ventral surface of the wrist as well as muscle afferents in the wrist flexors muscles. However, because the perceptual motor task in this study did not involve the wrist, this sensory input presumably evoked by wrist rotation is unlikely to have influenced the subjects' performance, as supported by our results of wristextension catch trials, which rarely evoked a response from the subjects. Neither 22-degree wrist extension nor 20-degree MCP flexion measurably stretched the skin at the other joint (see METHODS) .
Although the wrist extension intervention suppressed sensory input from extensor digitorum, it is unlikely to have completely eliminated this input (e.g., Fig. 2) . However, the muscle activity that remained was insufficient, in most trials, to preserve the subjects' ability to detect MCP motion when the hand was anesthetized. In contrast, regional anesthesia of the hand with the Bier block is likely to have completely eliminated sensory activity, not only from skin receptors of the hand and distal forearm, but also from articular receptors, muscle receptors in the intrinsic muscles of the hand, thermoreceptors, and nociceptors. The same anesthetic procedure (i.e., Bier block) is often used during hand surgery (e.g., Brill et al. 2004) . It might be argued that, to evoke a detectable dynamic position signal from extensor digitorum muscle receptors, the MCP velocity must be Ͼ20 degrees/s, which is rather slow for a natural finger movement. This hypothesis, if correct, could explain the differences in the effects of the two interventions on dynamic position and velocity sensitivity. Perhaps at higher velocities, wrist extension would have adversely affected average CE and VE. However, previous studies of motion detection during very slow finger movements (e.g., 2 degrees/min) have shown that the velocity threshold for motion detection is roughly two orders of magnitude lower than the slowest MCP velocity used in the present study (Clark et al. 1986; Taylor and McCloskey 1990) . Moreover, Cordo and colleagues (2002) showed that muscle spindle Ia firing patterns are strongly correlated with dynamic position at velocities as low as 2 degrees/s, below the slowest velocity used in the present study. Therefore, the slow MCP velocities used in this study would appear not to explain why suppressing extensor digitorum sensory input had no effect on average CE and VE.
In addition to sensory input, corollary discharge is produced during active movement and contributes to movement sense (e.g., Gandevia et al. 2006) . As all movements in this experiment were passive, there would have been no corollary discharge associated with MCP flexion movements imposed by our arm-motion device. Several previous studies have reported that movement sense is more accurate during active, compared with passive movement (Fuentes and Bastian 2010; Paillard and Brouchon 1968) , presumably a result of the presence of corollary discharge or fusimotor drive in active movements. However, not all movements in our daily activities are completely active because, in some movements, gravitational and inertial forces act on the joints in a functional manner. Nevertheless, it would be important to replicate the present study with active movement before generalizing the conclusions of the present study to all types of volitional movement.
How proprioceptive input is used in this perceptual motor task. As with any proprioceptively controlled movement, a key feature of our perceptual motor task is that it required prediction; that is, any action to be taken (e.g., indicator movement) lagged the relevant sensory input because of nerve conduction and computational delays . The authors of the 1994 study hypothesized that the central nervous system could perform this perceptual motor task with one of two distinct strategies. The first requires a real-time computation of the angular distance moved during the sensorimotor delay (ϳ220 ms), which would necessarily require the central nervous system to "know" the velocity and the sensorimotor delay (computational strategy). Alternatively, such a computation would be unnecessary if, at the primary afferent level, dynamic position and velocity information were interdependently represented (e.g., Grill and Hallett 1995) , thereby exaggerating the perception of dynamic position as a function of increasing velocity (noncomputational strategy). The computational strategy requires that dynamic position and velocity information be dissociable, whereas the noncomputational strategy does not. For the noncomputation strategy to be accurate, the proportionality between dynamic position and velocity input would have to be calibrated to the sensorimotor delay, which would differ for movements of the arm or leg, for example. How such a calibration could be accomplished remains an open question.
Although the computational and noncomputational strategies could conceivably result in perfect performance of our perceptual motor task, several other imperfect strategies are also possible that would result in systematic errors. In one (velocity timing), the central nervous system would first detect the movement velocity and then initiate the indicator movement after an elapsed time. The accuracy of the velocity-timing strategy depends on the subject's ability to discriminate and remember the correct timing for each speed. It is unlikely that subjects used this strategy, at least by itself, because we used seven different velocities separated by only 2 degrees/s in our protocols. Remembering seven different velocities, 2 degrees apart, pushes the limit of information capacity (Clark et al. 1995) and velocity discrimination (Grill and Hallett 1995; Kerr and Worringham 2002) in healthy humans. However, some subjects might have used the velocity-timing strategy for some velocities, perhaps reacting as soon as possible upon detecting the fastest one or two velocities.
Another imperfect alternative (dynamic-position strategy) requires the central nervous system to detect dynamic position, but not velocity, whereby the subject initiates all indicator movements at the same (or random) joint angle. One outcome of the dynamic position strategy would be a CE vs. velocity slope equal to the loop delay (ϳ0.22 s). It is possible that the subjects whose data were excluded from the present analysis employed such a velocity-independent strategy.
Our results do not distinguish unambiguously which of these different strategies was used by our subjects in this target detection task, but we are confident that almost all of the subjects chosen for this study were using velocity information because of the slope criterion for exclusion. Because of the wide variation in performance observed among all 17 subjects initially enrolled for this study, it seems likely that different individuals employ different strategies, perhaps on the basis of different abilities to detect and use dynamic position and velocity information.
Multimodal function in proprioception. colleagues (1985, p. 1530) noted that, "a major difficulty with demonstrating the importance of intramuscular receptors in proprioception and with clarifying the role of skin and joint receptors stems from a failure to distinguish sufficiently between a static-position sense and a movement sense. . . . " This statement suggests that some receptors might contribute to staticposition sense and others, to movement sense. However, there may be additional reasons why proprioception is multimodal.
First, proprioceptive afferents appear to serve several distinct functions (e.g., Gandevia 1996, p. 163) . Proprioceptors, even within a single submodality, are known to be differentially sensitive to movement because of their location. Muscle spindles in different compartments of a muscle (e.g., Chanaud et al. 1991; English et al. 1993) Second, different submodalities of proprioceptors have different sensitivities to movement parameters in different parts of the joint space. Joint afferents, if they contribute at all (Proske and Gandevia 2009) , are primarily sensitive to movement at the extremes of the joint space (Burke et al. 1988; Burgess and Clark 1969; Ferrell 1980; Skoglund 1956 ), whereas muscle spindle Ia afferents appear to be tuned primarily to the central region of the joint space (Cordo et al. 2002) . Thus the movement parameters signaled by articular and muscle afferents may be qualitatively the same, but both articular and muscle afferents may be required to signal these same movement parameters over the full range of motion. The differential sensitivity of the population of skin receptors through the range of motion of a joint is presently unknown.
Third, at least in the hand, skin receptors may be more optimally located than muscle receptors to transduce finger flexion-extension movements. One reason is that the long finger muscles are multiarticular, and, therefore, muscle receptors from an individual muscle, at least, cannot by themselves differentiate which joint(s) is moving (e.g., Burgess et al. 1982) . Another reason is that all four tendons of the long finger extensor or flexor muscles are attached to a single muscle, which makes the execution of individuated finger movements more complex (e.g., Lang and Scheiber 2004) , creating potential ambiguity about which finger is moving, on the basis of muscle receptor input alone. Finally, the muscle bellies of the long finger muscles, where the muscle receptors are located, are remotely connected to the finger joints via long tendons. Such transduction at a distance might introduce errors (e.g., noise) into the signaling of finger flexion/extension. Fourth, and most relevant to the study here, different types of proprioceptors may be anatomically and physiologically adapted to transduce different movement parameters. The results of this study support this hypothesis for proprioceptors because, in the central region of the MCP joint space, dynamic position sense appears to be influenced by skin receptors but not muscle receptors, whereas velocity sense is influenced by both. This hypothesized "distribution of labor" for signaling different proprioceptive parameters seems a more plausible explanation for the multimodal nature of the proprioceptive system than the more parsimonious alternative of receptor redundancy.
